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INTRODUCTION
Flavonoids are a class of plant secondary metabolites that generally occur as O-and/or C-glycosides. In O-glycosides the sugar moieties are bonded to the hydroxyl groups of aglycones, whereas C-glycosides have the sugar substituents directly attached to a carbon atom of aglycones. In contrast to the labile nature of the O-glycosidic linkages, the C-glycosidic bonds are remarkably stable towards glycosidase or acid-mediated hydrolysis (Yasuda et al., 1995) . Flavonoid-C-glycosides exhibit a diverse range of physiological functions, including UV protection (Markham et al., 1998) , defense against pathogens (McNally et al., 2003a,b; El-Alfy et al., 2011) , inhibition of pest growth (McMullen et al., 2004; Caasi-Lit et al., 2007; Khan et al., 2008) and the formation of plant flower pigment (Jay, 1994) . They have also been shown to confer potential health benefits, such as inhibition of cancer development (Hudson et al., 2000) , and to have protective effects against hypotension (Prabhakar et al., 1981) and obesity (Lee et al., 2010) .
Studies on the biogenesis of flavonoid C-glycosides began in the 1970s. Early tracer experiments in vivo showed that the C-glycosylation in flavone C-glycoside biosynthesis might occur prior to the formation of the flavone backbone (Wallace and Grisebach, 1973) . This finding was later supported by the affinity of a native flavonoid C-glycosyltransferase of buckwheat for 2-hydroxyflavanones but not for flavanones or flavones Franz, 1987, 1988) . A gene encoding 2-hydroxyflavanone C-glucosyltransferase has been cloned from several plant species, and the role of this enzyme in the C-glucosylation of plant flavonoids has been confirmed by heterologous expression studies (Brazier-Hicks et al., 2009; Falcone Ferreyra et al., 2013; Nagatomo et al., 2014; Hirade et al., 2015) . Most recently, a new type of CGT, phylogenetically related to the UDP-sugar-glucosyltransferases (UGTs) that transfer sugars onto the 5-hydroxyl groups of acceptors, has been identified and functionally characterized as a flavone CGT rather than as a 2-hydroxyflavanone CGT (Sasaki et al., 2015) . These isolated flavonoid CGTs display a low degree of sequence homology with each other (25-38% amino acid identity), suggesting that it is difficult to use sequence homology as a strategy to isolate genes that encode flavonoid or isoflavonoid CGT; in particular, the CGT function could not be predicted on the basis of sequence similarity alone.
For centuries, Pueraria lobata roots have been used in Chinese traditional medicine to prevent cardiovascular diseases. Their unique effects are mostly ascribed to the presence of an isoflavone C-glucoside, puerarin (daidzein 8-C-glucoside) (Ohshima et al., 1988) . It has been reported that puerarin exhibits diverse pharmacological properties in the treatment of cardiovascular (Liu et al., 2015) , hypolipidemic (Hien et al., 2010) and hyperglycemic disorders (Meezan et al., 2005) . As an isoflavonoid, puerarin is biosynthesized via the phenylpropanoid pathway by hydroxylation of liquiritigenin at the C-2 position to yield its isoflavonoid skeleton (Figure 1 ). This step is catalyzed by a specific cytochrome P450, 2-hydroxyisoflavonone synthase (2-HIS), which has been functionally characterized from several legume species, including licorice (Akashi et al., 1999) and soybean (Steele et al., 1999; Jung et al., 2000) . However, the reaction step for C-glucosylation in puerarin biosynthesis remains an enigma. Compared with flavonoid C-glycosylation, the pathway for isoflavonoid C-glycosylation is somewhat less well established. Based on labeling studies in P. lobata roots, the chalcone substrate (isoliquiritigenin), but not the isoflavone substrate (daidzein), was purported to be an intermediate in the pathway to puerarin (Inoue and Fujita, 1977) , suggesting that the C-glucosylation step in puerarin biosynthesis takes place prior to isoflavone formation. Further competitive feeding studies in P. lobata indicated that the C-glucosylation in puerarin biosynthesis might occur at the chalcone rather than at the isoflavanone stage, using isoliquiritigenin as the direct precursor (Inoue and Fujita, 1977) (Figure 1) . The C-glucosylation in puerarin biosynthesis is likely to be catalyzed by a UGT. However, to date, neither the cDNA nor the UGT enzyme responsible for the C-glucosylation step in puerarin biosynthesis has been isolated from P. lobata; furthermore, no UGT with isoflavonoid C-glycosylation activity has been identified from any plant species. He et al. (2011) made efforts to isolate the isoflavonoid CGT for puerarin biosynthesis from P. lobata, but its identity was not revealed in that study.
With the aim of elucidating the C-glucosylation in puerarin biosynthesis and identifying the corresponding CGT, we report here on the use of comprehensive P. lobata transcriptomic data to identify a gene (designated PlUGT43) encoding the CGT responsible for puerarin biosynthesis. The biochemical properties of PlUGT43 were extensively studied in vitro using the purified recombinant protein obtained by heterologous expression of the PlUGT43 gene in Escherichia coli. The role of PlUGT43 in puerarin biosynthesis was further confirmed by showing that the in planta transgenic expression of PlUGT43 enabled the production of puerarin in another legume species, Glycine max, which does not naturally accumulate puerarin. The identification of PlUGT43 fills the remaining gap in the biosynthetic route to puerarin and offers the potential to engineer puerarin production in surrogate hosts using synthetic biology strategies.
RESULTS

Analysis of UGT candidates from P. lobata
On the basis that puerarin accumulation in P. lobata occurs predominantly in the roots (Li et al., 2014) , the rationale for selecting the UGT candidates was that the target UGT gene would be preferentially expressed in P. lobata roots. Previously, RT-PCR cloning of UGTs from P. lobata roots had been carried out using degenerate primers based on UGT conserved domains, but this had ultimately failed to identify any UGTs exhibiting the CGT activity required for puerarin biosynthesis (Li et al., 2014) . To generate a comprehensive inventory of P. lobata UGTs (PlUGTs), RNA sequencing was later applied to the root and leaf organs of P. lobata (Wang et al., 2015) . A comparative analysis of the P. lobata transcriptomes revealed 22 putative full-length PlUGTs showing preferential expression in P. lobata roots. The cDNA sequences of these 22 PlUGTs have been deposited in the NCBI database (GenBank accession numbers KU317800-KU317819, KU311040 and KU311041).
A phylogenetic tree was then constructed to examine the relatedness of these 22 PlUGTs to known and previously characterized UGTs. The tree appears to sort these UGTs according to their biochemical activities, which include the 7-O-glycosylation of flavonoids (cluster 1); the formation of sugar-O-sugar linkage (cluster 2); the 3-O-glycosylation of acceptors (cluster 3); the 5-O-glycosylation of acceptors (cluster 4); the 7-O-glycosylation of isoflavonoids (cluster 5); the C-glycosylation of plant flavonoids (cluster 6); and the C-glycosylation of bacterial compounds (cluster 7). Of the 22 PlUGTs, only PlUGT43 lies in cluster 6 where plant 2-hydroxyflavanone CGTs belong (Figure 2 ), although PlUGT43 shows only low sequence similarity (21-26% amino acid identity) to all previously characterized plant flavonoid CGTs ( Figure S1 in the Supporting Information). Analogously, in cluster 7, IroB and UrdGT2 represent bacterial UGTs showing C-glycosylation activity towards antibiotics (Faust et al., 2000; Mittler et al., 2007) , yet the PlUGT members in this cluster, comprising PlUGT5, PlUGT23, PlUGT46 and PlUGT47 (Figure 2 ), show hardly any amino acid identity with IroB and UrdGT2, despite being clustered in the same clade of the tree. The in silico gene expression analysis of the P. lobata root transcriptome (Wang et al., 2015) revealed that of the 22 PlUGTs only PlUGT43 showed an expression level in P. lobata roots comparable with that of 2-HIS, the enzyme at the entry point into the isoflavonoid skeleton (Figure 1 ). Gene transcript abundance was estimated by calculating the RPKM (reads per kb per million reads) values (Mortazavi et al., 2008) of the Unigenes from the P. lobata root transcriptome. The RPKM values for 2-HIS and PlUGT43 were 338.51 and 147.11, respectively, whereas those of the other root-specific PlUGTs ranged from 1.45 to 17.67 (Table S1 ).
The data described above may suggest that the best candidate for puerarin biosynthesis is PlUGT43. Intriguingly, PlUGT43 shows 83% identity to a previously identified P. lobata UGT (denoted GT03H24 by the authors who reported it; He et al., 2011) . GT03H24 was considered by them to be a candidate for the investigation of puerarin biosynthesis; however, its mRNA was not successfully translated under prokaryotic expression, and thus its role was not studied further (He et al., 2011) . The cDNA coding for GT03H24 was also found in our P. lobata root transcriptomic database, although it was not present at full length. Moreover, phylogenetic tree analysis revealed that GT03H24 was the UGT that showed the closer relationship to PlUGT43 in the clade of plant 2-hydroxyflavanone CGTs (Figure 2 ). On this basis, we decided to functionally characterize the UGTs of PlUGT43 and GT03H24 for their possible roles in puerarin biosynthesis.
PlUGT43 showed CGT activity in puerarin biosynthesis
To examine the biochemical properties of PlUGT43 and GT03H24, they were expressed in E. coli cells and affinity purified using a GST tag ( Figure S2 ). The previous cloning of the GT03H24 gene into an E. coli expression vector had failed to express the encoded protein (He et al., 2011) , probably owing to poor translation of its codons by E. coli PlUGT43 (This study) Figure 1 . The three proposed three possibilities for the C-glucosylation in puerarin biosynthesis. Route 1: the C-glucosylation occurs at the chalcone stage using isoliquiritigenin as the acceptor. Route 2: the C-glucosylation occurs at the isoflavanone stage using 2-hydroxyisoflavanone as the acceptor. Route 3: the C-glucosylation takes place at the isoflavone stage using daidzein as the acceptor. The biosynthesis of puerarin derives from the phenylalanine pathway, which is catalyzed by PAL, C4H, 4CL, CHS, CHR, CHI, 2-HIS, 8-C-GT and HID. PAL, phenylalanine ammonia lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-coumarate-CoA ligase; CHS, chalcone synthase; CHR, chalcone reductase; CHI, chalcone isomerase; 2-HIS, 2-hydroxyisoflavanone synthase; 8-C-GT, 8-C-glucosyltransferase; HID, 2-hydroxyisoflavanone dehydratase. [Colour figure can be viewed at wileyonlinelibrary.com].
cells. Thus, for the expression of GT03H24 in the present study, we re-synthesized the entire GT03H24 gene using E. coli-preferred codons ( Figure S3 ). In the presence of UDP-glucose, the purified recombinant protein was first tested for its activity with daidzein and 2-hydroxyisoflavanone, which are the most plausible substrates for puerarin biosynthesis ( Figure 1 ). Control assays were performed with no recombinant proteins present. The reactions were stopped by the addition of methanol. When daidzein was used as a substrate, a product (peak 1) corresponding to puerarin was produced in the reaction with PlUGT43 but not in the control assay ( Figure 3a) . The retention times and MS/MS product ions of peak 1 are essentially identical to those of puerarin standard (Figure 3c, d ). The assays with 2-hydroxyisoflavanone were complicated by the spontaneous dehydration of a large proportion of 2-hydroxyisoflavanone to daidzein under the assay conditions ( Figure S4 ). It was clear, however, from comparison with the control assay, that the substrate 2-hydroxyisoflavanone was not significantly converted by PlUGT43; moreover, in this assay, LC-MS analysis did not reveal any reaction products corresponding to 2-hydroxyisoflavanone glucosides. The findings suggested that PlUGT43 is not active with 2-hydroxyisoflavanone. A small amount of puerarin was detected when PlUGT43 was incubated with 2-hydroxyisoflavanone ( Figure S4 ); however, this . Phylogenetic tree analysis of Pueraria lobata UDP-sugar-glucosyltransferases (PlUGTs) together with previously published known UGTs. Amino acid sequences were aligned using CLUSTALX software and the tree was constructed using MEGA 5.0 software. The accession numbers of the UGT sequences used are shown in Table S2 . [Colour figure can be viewed at wileyonlinelibrary.com].
may have resulted from the activity of PlUGT43 with daidzein arising from the spontaneous dehydration of 2-hydroxyisoflavanone mentioned above. In contrast to the results with PlUGT43, no activity was detected with GT03H24, either with daidzein or with 2-hydroxyisoflavanone. The in vitro assay data therefore suggested that PlUGT43 possesses the CGT activity for puerarin biosynthesis.
PlUGT43 exhibits strict substrate specificity for isoflavonoids
Using UDP-glucose as the sucrose donor, the glucosyl acceptor specificity of PlUGT43 was tested against a range of plausible substrates that are present in P. lobata or available commercially (Figure 4a ). The results of the in vitro assays and LC-MS analysis showed that, apart from daidzein, PlUGT43 was active only with genistein ( Figure 4b) ; no activity was detected with any of the other compounds tested, including 2-hydroxynaringenin, which is the natural substrate for flavonoid CGTs (Brazier-Hicks et al., 2009). PlUGT43 converted genistein to a product eluted in peak 2 (Figure 3b ). MS 1 analysis of peak 2
showed a molecular ion of m/z+ 433, which is 162 amu more than that of genistein, suggesting that the product is genistein monoglucoside. The MS/MS fragmentation of peak 2 displayed product ions of 313 and 283, attributable to losses of 120 and 150 Da, respectively, from the glucose group (Figure 3e, f) . The ion product of [M+H-120] at m/z+ 313 is characteristic of C-glycosides (Prasain et al., 2003) , which allowed us to assign peak 2 as a C-glucoside. In the C-glycosides of flavones, either 6-C-or 8-C-glycosidic conjugates have previously been reported (Abad-Garcia et al. 
Overexpression of PlUGT43 led to puerarin biosynthesis in soybean
Glycine max expresses the core isoflavonoid upstream pathway to daidzein (Figure 1 ), but it does not possess isoflavonoid CGT activity, and accordingly no isoflavonoid C-conjugates have been reported from this plant. Therefore, we examined the enzymatic function of PlUGT43 in planta by expressing the PlUGT43 gene in G. max. The full-length PlUGT43 cDNA was cloned into pK2GW7 under the control of a CaMV 35S promoter. The construct was then transformed into G. max by means of Agrobacterium rhizogenes to obtain transgenic hairy roots. As a control, the empty vector pK2GW7 was transferred. The presence of transgenes was confirmed by genomic PCR. Hairy root samples were extracted with methanol and the methanolic extracts were analyzed directly without acid treatment. As shown in Figure 5 , LC-MS analyses of a parent [M+H] + ion at m/z+ 417 identified a new peak (peak 1) that was observed only in the PlUGT43-transformed roots and not in the control lines. The HPLC retention times and electron ionization-mass spectra (EI-MS) of peak 1 were identical to those of authentic puerarin ( Figure 5 ), suggesting that the compound eluted in peak 1 was puerarin. The level of puerarin produced in the PlUGT43-expressing hairy roots used in this study was 0.65 AE 0.02 mg g À1 fresh weight (n = 3). Hence, the outcome of the transgenic studies provided strong evidence for the involvement of PlUGT43 in puerarin biosynthesis. Endogenous daidzein (peak 2) was observed in both the control and PlUGT43-transformed roots ( Figure 5) Sasaki et al., 2015) . The flavonoid C-glucosyltransferases (FCGTs) that have been identified to date, show a low degree of amino acid identity between each other (about 22-38%) ( Figure S1 ). According to their substrate specificities, they can be classified into two types: type 1 FCGTs, which show a substrate preference for 2-hydroxyflavanones (e.g. 2-hydroxynaringinenin) with no activity towards flavones; and type 2 FCGTs, which only display CGT activity towards flavones rather than 2-hydroxyflavanones (Sasaki et al., 2015) . Almost all the identified FCGTs are of type 1; type 2 is exceptional, and only one member, denoted GtUF6CGT1, has been found in Gentiana triflora (Sasaki et al., 2015) . Compared with flavonoid C-glycosylation, little is known about isoflavonoid C-glycosylation. Puerarin is an isoflavone C-glucoside (daidzein 8-C-glucoside), and prior to the present study the enzyme responsible for the C-glucosylation step during its biosynthesis was missing. The early metabolic steps as far as daidzein are conserved in nearly all legume species investigated (Figure 1 ), whereas puerarin only occurs in Pueraria species, indicative of a biochemically unique CGT in this genus. We report herein the identification of a CGT from P. lobata, designated PlUGT43, which catalyzes C-glucosylation in puerarin biosynthesis. Although PlUGT43 shows only a very low degree of amino acid identity (21-26%) with all the previously identified FCGTs, phylogenetic tree analysis places PlUGT43 in the same clade as type 1 FCGTs (Figure 2 ), suggesting that PlUGT43 would have evolved from the same ancestral protein as type 1 FCGTs. By contrast, GtUF6CGT1 (the sole type 2 FCGT) is quite distinct from other CGTs (Figure 2) , suggesting an independent origin of this particular CGT in Gentiana triflora.
The present study investigated the biochemical activities of PlUGT43 with a diversity of substrates that included chalcones, flavanones, flavonols, flavones, isoflavanones and isoflavones (Figure 4a ). PlUGT43 was active only with isoflavones (daidzein and geinstein) and not with any of the other substrates tested, including 2-hydroxyflavanone, which is preferentially accepted by type 1 FCGTs. The difference in substrate specificity between PlUGT43 and FCGTs is noteworthy. PlUGT43 exhibits strong discrimination between the isoflavonoid and flavonoid skeletons, as it is able to accept only isoflavones (e.g. daidzein and genistein) and not 2-hydroxyflavanones and flavones (Figure 4b) , suggesting that the isoflavonoid skeleton is essential for substrate recognition. In accordance with the substrate specificity of PlUGT43, isoflavone C-glucosides (e.g. 8-C-glucosides of daidzein and genistein) but not flavone C-glucosides have been described from P. lobata (Rodriguez-Llorente et al., 2003; Prasain et al., 2007) . Recently, a reaction mechanism for type 1 FCGTs has been proposed using site-directed mutation experiments on soybean FCGT (UGT708D1) (Hirade et al., 2015) . PlUGT43 clustered with type 1 FCGTs in the phylogenetic tree analysis (Figure 2 ), suggesting evolution from the same ancestral protein, and the enzymes may therefore share a similar Extracted ion chromatograms at m/z+ 417 are shown as evidence for the accumulation of puerarin (peak 1) in PlUGT43-expressing soybean hairy roots but not in the empty vector-transformed hairy roots. LC-MS profiles are shown for the analysis of puerarin standard (a), daidzin standard (b), the puerarin product (peak 1) and the endogenous accumulation of daidzin (peak 2) from the PlUGT43-expressing root extracts (c), and the endogenous accumulation of daidzin from the control root extracts (d).
reaction mechanism. In the model of the reaction mechanism for the soybean FCGT, three residues (numbered His20, Asp85 and Arg292 in UGT708D1) play key roles in the CGT reaction and are found to be conserved in all type 1 FCGTs ( Figure S1 ). Interestingly, these residues are not conserved in PlUGT43, being substituted by Asn16, Leu 82 and Met281, respectively ( Figure S1 ). It will be of particular interest to study whether it is these residue variations that differentiate PlUGT43 from type 1 FCGTs in respect of its substrate specificity for isoflavonoids. The C-glucosylation for puerarin biosynthesis was previously suggested to take place at the chalcone stage (Figure 1) , with isoliquiritigenin being proposed as the direct C-glucosylation acceptor (Inoue and Fujita, 1977; Chen et al., 2010) . However, this assertion was not well founded, since C-glucosylated chalcones had not yet been detected from any plant species, and neither CHI nor 2-HIS can convert glycosylated metabolites. Logically, daidzein and 2-hydroxyisoflavanone are the most likely substrates for puerarin biosynthesis (Figure 1 ). Prior to the present study, we had suspected 2-hydroxyisoflavanone to be the substrate, since previous feeding experiments had not suggested a conversion of daidzein to puerarin (Inoue and Fujita, 1977) . However, the in vitro biochemical characterization of PlUGT43 reported here suggests that daidzein, rather than 2-hydroxyisoflavanone, is the substrate for C-glucosylation in puerarin biosynthesis (Figures 3 and 4) . We have no rational explanation for this inconsistency between the biochemical properties of PlUGT43 and the results of the previous feeding experiments (Inoue and Fujita, 1977) . Although it still cannot be completely ruled out that there exists another UGT, distinct from PlUGT43, that C-glucosylates 2-hydroxyisoflavanone for puerarin biosynthesis in P. lobata, we have demonstrated convincingly that PlUGT43 possesses the biochemical activity required to convert daidzein to puerarin.
To further investigate the role of PlUGT43 in planta, we expressed it in soybean hairy roots that naturally synthesize daidzein and do not produce puerarin. Finally, the accumulation of puerarin was detected in the PlUGT43-expressing hairy roots ( Figure 5) , with the average level of puerarin produced in the hairy roots being about 0.65 mg g À1 fresh weight. Based on the biochemical property of PlUGT43 described from the in vitro assays, we suggest that the transformed PlUGT43 converted the soybean endogenous daidzein to puerarin in the hairy roots. We also measured the puerarin content in the roots of about 1-month-old P. lobata seedlings originating from Hubei province, China, and it was about 6.65 mg g À1 fresh weight. Compared with the quantity in the P. lobata roots, the amount of puerarin in the transgenic hairy roots was nine times lower. These data may imply that the metabolic flux to puerarin biosynthesis was not efficient in the hairy roots, probably owing to the limited access of the transformed PlUGT43 to soybean endogenous substrate daidzein or the absence of functioning metabolons strengthening puerarin biosynthesis in the hairy roots.
In conclusion, a CGT possessing C-glucosylating activity for puerarin biosynthesis has been described. The catalytic properties of PlUGT43, together with the demonstration of puerarin synthesis in soybean hairy roots expressing PlUGT43, strongly suggest the key role of PlUGT43 in puerarin biosynthesis. The identification of PlUGT43 paves the way to the production of puerarin in microorganisms using synthetic biology strategies.
EXPERIMENTAL PROCEDURES Plant materials and chemicals
Pueraria lobata plants grown in the wild under open field conditions at the Wuhan Botanical Garden (WBG), China were used. Glycine max seeds were provided by Professor Jian Zhao at the Huazhong Agricultural University of China. 2-Hydroxyisoflavanone was enzymatically prepared from liquiritigenin by incubation with yeast microsomes containing P. lobata 2-HIS, as described previously (Liu et al., 2003 (Liu et al., , 2006 . 2-Hydroxynaringenin was purchased from ChemFaces (http://www.chemfaces.com/). UDP-glucose, UDP-galactose and UDP-glucuronic acid were from Sigma-Aldrich (http://www.sigmaaldruch.com/). All other chemicals were purchased from Shanghai Source Leaf Biological Technology Company (http://www.shyuanye.com).
Heterologous expression of UGTs
The full-length coding sequence of PlUGT43 was amplified from P. lobata roots by standard RT-PCR (sense primer 5 0 -ATCAGATCTAT-GACTAGATATGAAGTGGT-3 0 ; antisense primer 5 0 -ATCAGATCTT-TAACTTGTCAACTCTTGAAT-3 0 ). The full-length DNA fragment of GT03H24 was commercially synthesized using E. coli preferred codons ( Figure S3 ). The translated amino acid sequence of the synthesized GT03H24 is identical to that of the wild GT03H24 gene from P. lobata (He et al., 2011) . The coding regions of PlUGT43 and the synthesized GT03H24 were inserted into the pGEX-2T vector in frame with a glutathione-S-transferase (GST) tag at the N-terminus, and resulted in the constructs pGEX-2T-PlUGT43 and pGEX-2T-GT03H24. The constructs were then transformed into E. coli (BL21) cells using heat shock at 42°C, and the expression of recombinant proteins was induced with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) at 16°C for 16 h. After induction, cells were harvested by centrifugation at 6000 g for 2 min at 4°C. The resulting cell pellets were resuspended in a GST extraction buffer (0.1 M potassium phosphate, pH 8.0, with 0.5 M NaCl) and disrupted by sonication on ice. The cell lysates containing the recombinant proteins were obtained by centrifugation at 15 000 g for 15 min at 4°C. The recombinant proteins were then purified by the use of a Glutathione Sepharose 4B kit (GE Healthcare, http://www3.gehealthca re.com/) according to the manufacturer's manual. Using a 30 kDa cut-off centrifugal filter (Millipore, http://www.merckmillipore.com/ CN/zh), the purified recombinant proteins were concentrated into 50 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl buffer (pH 8.0). The purity of the recombinant proteins was assessed using SDS-PAGE and the protein content in the enzyme preparations was estimated by Bradford assays using bovine serum albumin as a protein standard.
Enzyme assays
Unless otherwise stated, the standard in vitro enzyme assays were conducted in a reaction mixture of 200 ll, consisting of 5-10 lg of the purified enzymes, 50 mM TRIS-HCl (pH 8.0), 500 lM UDP-glucose and 200 lM acceptor substrates. The acceptors used comprised two chalcones (phloretin and isoliquiritigenin), one flavonol (kaempferol), three flavanones (liquiritigenin, naringenin and eriodictyol), one flavanone (2-hydroxynaringenin), three flavones (chrysin, apigenin and luteolin), one isoflavanone (2-hydroxyisoflavanone) and two isoflavones (daidzein and genistein). The reactions were performed at 30°C overnight and then stopped by the addition of 200 ll of methanol, and 10 ll of the reaction mixture was used directly for HPLC and LC-MS analysis. For the assays with 2-hydroxyisoflavanone, the reaction was performed at 30°C for 2 h.
Determination of kinetic parameters
Using daidzein as the substrate at a final concentration of 0.2 mM, the pH optimum of the purified PlUGT43 was determined by performing assays in three different buffers (pH 5.0-6.0, 50 mM sodium acetate-acetic acid; pH 7.0-9.0, 50 mM TRIS-HCl; pH 10.0-11.0, 50 mM glycine-NaOH). To determine the kinetic parameters with daidzein and genistein, enzyme assays were performed in triplicate at each substrate concentration (0-0.2 mM) in the presence of 10 lg of the purified PlUGT43 and 500 lM UDP-glucose. The reactions were allowed to proceed at 30°C for 2 h and then stopped by the addition of 200 ll of methanol; the stopped reaction mixtures were used directly for quantification of the reaction products by HPLC analysis. Kinetic parameters were calculated based on linear regression analysis.
Overexpression of PlUGT43 in hairy roots of G. max
For expression in soybean hairy roots, the open reading frame (ORF) of PlUGT43 was amplified with the forward primer 5 0 -GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGACTAGATATG AAGTGGT-3 0 in combination with the reverse primer 5 0 -GGG GACCACTTTGTACAAGAAAGCTGGGTATTAACTTGTCAACTCTTGA AT3
0 . The amplified products were introduced into pDONR201 using Gateway technology (Invitrogen, http://www.invitrogen. com/) and subsequently cloned into the plant expression vector pK2GW7 (Karimi et al., 2002) , yielding the construct pK2GW7-PlUGT43. The plant expression vector pK2GW7-PlUGT43 was transferred to A. rhizogenes K599 strain for transformation of G. max cotyledons using a protocol developed by Cho et al. (2000) . Cotyledons from 4-to 5-day-old seedlings were manually wounded using toothpicks and inoculated with A. rhizogenes K599 strain harboring pK2GW7-PlUGT43. As a control, the A. rhizogenes K599 strain containing the empty vector pK2GW7 was used for the transfection. After around 3-4 weeks after inoculation hairy roots appeared at infection sites. When these roots were about 2 cm long, the positive transgenic hairy roots were verified by genomic PCR. The primers used for the amplifications in screening positive transgenic hairy roots are shown in Table S1 . Hairy roots from at least five independent lines for the transformant were pooled into each sampling, ground to fine powder in liquid nitrogen and extracted in 100% methanol. The level of puerarin in the extracts was measured with reference to puerarin standard, and the result was from three separate samplings.
For the LC-MS analysis of the hairy root extracts, the solvent systems were acetic acid/water (0.5:99.5) (solvent A) and methanol (solvent B). The following linear elution gradient was used: 0-2 min 0% B; 2-6 min a linear gradient to 15% B; 6-12 min 15% B; 12-15 min linear up from 15% to 20% B; 15-35 min 20% B; 35-90 min linear up from 20% to 35% B; 90-136 min 35% B; and 136-145 min linear gradient from 35% to 0% B. The flow rate and column temperature were set to 0.8 ml min À1 and 30°C, respectively. The MS spectra were recorded within the m/z range 100-700.
Phylogenetic analyses
Amino acid sequence alignments were generated using the CLUS-TALW program (Thompson et al., 1994) . These alignments were used to construct a phylogenetic tree using MEGA 5.0 software. The accession numbers of the amino acid sequences used for this phylogenetic analysis are listed in Table S2 .
HPLC and LC-MS analysis
Unless otherwise stated, HPLC analysis was performed on an LC-20AT system (Shimadzu, http://www.shimadzu.com/) equipped with an Agilent Eclipse Plus C18 column (250 mm 9 4.6 mm, 5 lm; http://www.agilent.com/) and a mobile phase consisting of solvent A (water) and solvent B (100% methanol). Samples were eluted at a flow rate of 0.8 ml min À1 with the following linear gradient: 0-5 min, 15-35% B; 5-10 min, 35% B; 10-40 min, 35-65% B; 40-45 min, 65-15% B; 45-50 min, 15% B. The column temperature was 25°C. LC-MS analysis was performed on an Accela LC system coupled to a TSQ Quantum Access Max mass spectrometer (Thermo Scientific, http://www.thermofisher.com/) and electrospray ionization source in positive ionization mode with a cone voltage of 25 V. The column and the analysis method were the same as for the HPLC analysis described above. MS data were recorded in the range of m/z 100-700.
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